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EISAbstract Corrosion inhibition of aluminium in 1 M H2SO4 by two different solvent extracts of
Dryopteris cochleata leaves was studied using weight loss, electrochemical measurements, X-ray
diffraction and scanning electron microscopy. Characterization of plant extract was carried out
using Fourier transform infrared spectroscopy. X-ray diffraction and SEM analysis have conﬁrmed
the molecular adsorption of the DCLME and DCLWE extracts on the aluminium surface. The
methanol extract of D. cochleata leaves is a better inhibitor than water extract. Polarization studies
showed that the extracts act as a mixed type inhibitor.
 2016 Production and hosting by Elsevier B.V. on behalf of Egyptian Petroleum Research Institute. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
4.0/).1. Introduction
Aluminium is one of the most utilized metals for numerous
engineering and industrial applications due to its cost effective-
ness and excellent functional properties. Aluminium and its
alloys exhibit corrosion resistance in many environments and
for this reason it ﬁnds more important industrial values, due
to its low density, high strength, favourable mechanical prop-
erties, good ﬁnishing surface and relatively good corrosion
resistance. Aluminium depends on the presence of surface
oxide ﬁlm for its high corrosion resistance in several media,
but alkaline solutions are known to form the oxide ﬁlm non-
protective; because hydroxide ion dissolves the protectiveoxide and the aluminium surface establishes a negative poten-
tial, with the formation of aluminate ion [1,2]. The study of
aluminium corrosion phenomena has become very important
particularly in acidic media because of the increased industrial
applications of acid solutions. Therefore, it’s necessary to seek
inhibitors for the corrosion of aluminium in H2SO4 solution.
The protection of metals against sulfuric acid corrosion has
been the subject much of study because it is used in number
of the industrial processes. Much research was devoted to
study the corrosion of aluminium and its alloys in different
aqueous and acidic solutions using organic and inorganic
compounds.
Most of the organic inhibitors contain in their structures
mostly N, S, and O atoms. The organic inhibitors form a pro-
tective ﬁlm on the metal surface while inorganic inhibitors act
as anodic inhibitors [3–5]. Unfortunately, uses of some organic
and inorganic chemical inhibitors are limited because of
reasons: their synthesis compounds are very costly, poorH2SO4,
2 R.S. Nathiya, V. Rajbiodegradability, toxic and hazardous for human beings and
the environment as well. So it has been focused on the corro-
sion inhibition properties of plant extracts [6–11] because plant
extracts serve as an incredibly rich sources of natural chemical
compounds present (e.g. amino acids, terpenoids, ﬂavonoids,
alkaloids, polyphenols, tannins, etc.,) that are environmentally
acceptable, of low cost, easily available and renewable sources
of materials and extracted by simple procedures. The natural
products as corrosion inhibitors for different metals in differ-
ent media have been reported by several authors [12–15].
The extract of various plants has been used successfully for
the corrosion process prevention of mild steel in HCl and
H2SO4, and it has been found to be very effective [16,17]. In
the present research, we have worked on the problem of alu-
minium protection in two frequently encountered environ-
ments in the industries. Hence, investigations are focused
towards the development of naturally occurring eco-friendly
inhibitors of corrosion.
Plants in the Dryopteris cochleata family (Dryopteridaceae)
are well known for the chemical diversity of their alkaloids,
phenolics, ﬂavonoids, amino acids, carbohydrates, saponins,
terpenoids, cardiac glycoside, anthraquinones and steroids
constituents. The Dryopteridaceae is the largest in this family.
Moreover, D. cochleata has great medicinal value, antioxidant
and biological activities. It has been reported to possess wide
ethanomedical, antifungal property and used as an antidote.
It also has been applied as medicine for epilepsy, leprosy, cuts,
wounds, ulcers, swelling, pains, snake and dog bites. The Dry-
opteridaceae decoction of dried rhizome, stem and stripe is
used for blood puriﬁcation and as tonic for strength. [18].
The juice of fronds is used to treat muscular and rheumatic
pain [19]. The leaf extract has been reported to have antibacte-
rial activity [20]. The molecules are rich in heteroatoms which
are present in DCLME and DCLWE an effective corrosion
inhibitor.
The aim of this study is to evaluate the inhibition effect of
the water and methanol extracts of D. cochleata leaves on the
corrosion of aluminium in 1 M H2SO4. In this paper the anti-
corrosion potential of D. cochleata leaf extracts was evaluated
using weight loss, Tafel polarization, electrochemical impe-
dance spectroscopy, XRD, scanning electron microscopy
(SEM) and FTIR spectroscopy techniques. We have also
investigated the effect of immersion time, temperature and acid
concentration on inhibition efﬁciency of the extract using
weight loss measurements. Our investigation shows great
potential of the D. cochleata leaf extract for corrosion inhibi-
tion of aluminium in an acidic environment.
2. Experimental
2.1. Extraction
Healthy D. cochleata leaves were collected from Kolli hills,
Namakkal District, Tamil Nadu, India. The D. cochleata
leaves were dried at room temperature for two weeks and pow-
dered for extraction. D. cochleata leaf methanol extract
(DCME) was prepared by adding powder of plant leaves
(100 g) in methanol (500 ml) and allowed to stirring for 3 h.
The extract was ﬁltered using cheese cloth and Whatmann
No. 1 ﬁlter paper. After ﬁltration, the ﬁltrate was evaporated
using rotary evaporator and ﬁnally a solid residue wasPlease cite this article in press as: R.S. Nathiya, V. Raj, Evaluation of Dryopteris coc
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obtained by the same method using the plant in deionized
water with stirring for 6 h. It was then ﬁltered and evaporated
to dryness on a steam bath to obtain a solid residue. It was
stored in a refrigerator for further use. The test solutions were
prepared by dissolving a particular amount of D. cochleata leaf
extract in 1 M H2SO4 solution and used for corrosion study.
2.2. Materials
The following composition of the aluminium was used for all
of the experiments:
(wt%): C (0.277), Si (0.739), O (0.525) and rest Al. Weight
loss and electrochemical studies were performed on aluminium
coupons of dimensions 2.5 cm  1.0 cm  1.0 mm. For prepa-
ration, the aluminium samples were abraded with different
grades of emery, washed with double distilled water and ace-
tone, dried at room temperature, and stored in a moisture free
desiccator.
2.3. Test solutions
For weight loss and electrochemical studies, the test solutions
(1 M H2SO4) were prepared by dilution of analytical grade,
98% H2SO4 (Merck) with double distilled water. The extract
concentration range used for the corrosion studies was 400–
2400 ppm in methanol and water.
2.4. Weight loss measurements
The weight loss of pre cleaned and dried aluminium specimens
were determined by weighing the aluminium samples before
and after immersing in 1 M H2SO4 in the absence and presence
of various concentrations of DCLME and DCLWE at differ-
ent temperatures (303, 313, 323 and 333 K). The weight loss
experiments were performed in triplicate and the mean value
is reported. After exposure, test coupons were washed with dis-
tilled water and then dried in a vacuum oven. The inhibition
efﬁciency (I.E. %) and surface coverage (h) were determined
by the following equations:
I:E: ð%Þ ¼ wo  wi
wo
 100 ð1Þ
h ¼ I:E: ð%Þ
100
ð2Þ
where wo and wi represent the weight loss value in the absence
and presence of inhibitor. Corrosion rate (Cr) at different con-
centrations was calculated using the formula below:
Corrosion rate ðCrÞ ðmpyÞ ¼ 534 W
DAT
ð3Þ
whereW is the weight loss of aluminium (gms), D is the density
of aluminium, T is the time of immersion, and A is the area of
the specimen exposed to the corrosive solution.
2.5. Electrochemical measurements
Tafel polarization and Ac impedance were performed using a
CHI 760C electrochemical analyzer. It consists of a conven-
tional three-electrode cell with a platinum electrode, saturatedhleata leaf extracts as green inhibitor for corrosion of aluminium in 1 M H2SO4,
Evaluation of Dryopteris cochleata leaf extracts 3calomel electrode. The working electrode was in the form of a
square shape (exposed surface 1  1 cm2) prepared from the
aluminium specimen and the rest of surface was covered with
resin. Before each experimental run, the working electrode was
polished with a series of emery papers and cleaned with dis-
tilled water followed by acetone.
Tafel polarization curves were obtained by changing the
electrode potential automatically from 300 to +300 mV ver-
sus log (current) at a scan rate of 1 MV s1. Scan rates were
selected based on the linearity of the polarization curves.
The linear Tafel segments of the cathodic curves and the calcu-
lated anodic Tafel lines were extrapolated to obtain the corro-
sion potential (Ecorr) and corrosion current density (Icorr). The
I.E. (%) was calculated from the measured Icorr values using
the relationship:I:E: ð%Þ ¼ I
0
corr  Icorr
I0corr
X100 ð4Þwhere I0corr and Icorr are uninhibited and inhibited corrosion
current densities respectively.
AC impedance was carried out at OCP in the frequency
range of 0.01 Hz–100 kHz using a 10 mV rms voltage excita-
tion. The impedance data were analyzed. The electrode was
kept for 0.5 h in the test solution before starting the electro-
chemical measurements. The charge-transfer resistance (Rct)
values were obtained from the semicircle of the Nyquist plots.
The inhibition efﬁciency of the inhibitor has been calculated
from Rct using the following relation:I:E:ð%Þ ¼ R
0
ct  Rct
R0ct
 100 ð5Þwhere R0ct and Rct are charge transfer resistance in the presence
of inhibitor and absence of inhibitor respectively.0 500 1000 1500 2000 2500
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Figure 1 Effect of inhibitor concentration on inhibition efﬁciency
temperatures.
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The XRD pattern of the aluminium specimen in the absence
and presence of the inhibitors were analyzed by a Bruker
AXS D8 Advance X-ray diffractometer. X-ray diffractometer
was controlled at 50 kV, and 200 mA. Nickel ﬁltered Cu Ka
radiation was used with an angular range of 5< 2h< 70
at room temperature.
2.7. SEM analysis
The aluminium specimens were immersed in 1 M H2SO4 solu-
tion without and with the addition of 2400 ppm inhibitors for
6 h. After completion of the experiment, the specimens were
removed, rinsed with distilled water and dried. The morpholo-
gies of the uninhibited and inhibited aluminium surfaces were
examined by Hitachi model-3000H scanning electron
microscopy.
2.8. Spectroscopic analysis
The solid plant extracts were characterized by Fourier trans-
form infrared (FTIR) spectroscopy. FTIR spectra were
recorded using AVATAR-FTIR-370 spectrophotometer
(Thermo Nicolet Company, USA), which extended from
4000 to 400 cm1, using the KBr disc technique.
3. Results and discussion
3.1. Weight loss measurements
3.1.1. Effect of inhibitor concentration
Weight loss measurements were carried out in 1 M H2SO4 in
the absence and presence of different concentrations of metha-
nol extract and water extract of D. cochleata leaves at room
temperature after a 6 h immersion period. From Fig. 1 and0 400 800 1200 1600 2000 2400
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of (a) methanol (b) water extracts of D. cochleata at various
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Table 1 Inhibition efﬁciency, surface coverage and corrosion rate for different solvent extracts and concentrations of inhibitors for
the corrosion of aluminium in 1 M H2SO4 from weight loss measurements at different temperatures.
Temp (±1 K) Conc. of inhibitor (ppm) Inhibition eﬃciency (I.E. %) Surface coverage (h) Corrosion rate (Cr) (mpy)
Methanol Water Methanol Water Methanol Water
298 107.591 107.591
400 80.39 54.9 0.8093 0.549 21.0962 48.5914
600 85.29 60.78 0.8529 0.6078 15.8222 42.1925
1200 89.21 63.72 0.8921 0.6372 11.6029 39.0281
1800 92.15 67.64 0.9215 0.6764 8.4385 34.8088
2400 95.09 71.56 0.9509 0.7156 5.274 30.5896
308 122.3585 122.3585
400 69.82 52.58 0.6982 0.5258 36.9165 58.0148
600 73.27 59.48 0.7327 0.5948 32.6992 49.5723
1200 76.72 62.93 0.7672 0.6293 28.48 45.357
1800 81.03 64.65 0.8103 0.6465 23.5029 43.2474
2400 87.93 69.82 0.8793 0.6982 14.7674 36.9185
318 181.4281 181.4281
400 61.62 50.58 0.6162 0.5058 69.6177 89.6592
600 65.69 53.48 0.6569 0.5369 62.234 84.3851
1200 69.18 58.13 0.6918 0.5813 55.9051 75.9466
1800 72.94 61.62 0.7294 0.6162 50.6311 69.6177
2400 76.16 64.53 0.7616 0.6453 43.2474 64.3437
338 281.6355 281.6355
400 58.05 44.56 0.5805 0.4456 118.1392 156.1125
600 63.67 50.56 0.6367 0.5056 102.317 139.2355
1200 68.16 56.92 0.6816 0.5692 89.6592 121.3037
1800 70.03 58.8 0.7003 0.588 84.3851 113.92
2400 75.65 63.29 0.7565 0.6329 68.5629 103.3718
4 R.S. Nathiya, V. RajTable 1, it can be observed that the value of surface coverage
and I.E. % increases while corrosion rate decreases with an
increase in inhibitor concentration. At 2400 ppm concentra-
tion, the efﬁciency reached about 95.09% and 71.56% for
DCME and DCWE respectively. Hence, the concentration,
2400 ppm was ﬁxed as the optimum concentration of inhibi-
tors. This indicates that D. cochleata leaf extract obtained from
methanol extract is a better corrosion inhibitor than the one
obtained using water extract. This fact could be expressed as
the inhibitive action of inhibitors is through adsorption on
the aluminium surface.
The adsorption of active compounds existing in the
extracts, on aluminium diminishes the surface area offered
for corrosion. The high inhibition efﬁciency of D. cochleata
leaves of methanol extract compared to water extract would
be attributed to a high extraction yield and more amount of
condensed phytochemical constituents as methanol is a highly
polar solvent. Similar observation has been reported in the
study on the phenolic proﬁles and corrosion inhibition proper-
ties of mangrove tannins (Rhizophora apiculata) as affected by
extraction solvents [21].
3.2. Potentiodynamic polarization measurements
The effect of D. cochleata leaf extracts on the corrosion reac-
tions was determined by polarization techniques. The changes
recorded in the polarization curves after the addition of the
inhibitor are usually used as the criteria to classify inhibitors
as cathodic, anodic or mixed. Fig. 1(a and b) shows the Tafel
polarization curves for aluminium in 1 M H2SO4 solution in
the absence and presence of selected concentrations ofPlease cite this article in press as: R.S. Nathiya, V. Raj, Evaluation of Dryopteris coc
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and (b) DCLWE respectively. The potentiodynamic parame-
ters such as corrosion potential (Ecorr), the linear Tafel seg-
ments of cathodic and anodic slopes (bc and ba), and
corrosion current density (icorr), were obtained from Tafel
plots and the inhibition efﬁciency values g (%), were calculated
using Eq. (4). The results are tabulated in Table 2. From Fig. 2
(a and b) and Table 2, it can be observed that the addition of
D. cochleata leaf extracts at all the studied concentrations
resulted in the denoted decrease in the corrosion current den-
sity (icorr).
According to literature report [22], when corrosion poten-
tial is higher than ±85 mV with respect to the corrosion
potential of the blank, the inhibitor can be considered distinc-
tively as either cathodic or anodic current. However, the max-
imum displacement in this study is less than ±85 mV. The
largest displacement in Ecorr value observed at a concentration
of 2400 ppm is 5 mV which is much less than 85 mV. This sug-
gests that D. cochleata functions as mixed-type inhibitor. From
Table 2 it is observed that, the Icorr values gradually decrease
and inhibition efﬁciency with concomitant increases in the con-
centration of the D. cochleata leaf extract. These results again
highlight the effectiveness of methanol extract over water
extract of D. cochleata leaves in protecting aluminium speci-
men against acid attack.
3.3. Electrochemical impedance spectroscopy (EIS)
measurements
EIS studies were performed the electrochemical processes of
aluminium corrosion in 1 M H2SO4 solution using methanolhleata leaf extracts as green inhibitor for corrosion of aluminium in 1 M H2SO4,
Table 2 Polarization parameters for the corrosion of aluminium in 1 M H2SO4 without and with different concentrations of DCLME
and DCLWE at room temperature.
Potentiodynamic parameters
System Concentration Ecorr (mV vs. ScE) Icorr (lA cm
2) ba (mV dec
1) bc (mV dec
1) I.E. %
DCLME Blank 764 878.2 44.14 73.81 –
400 ppm 747 201.2 33.41 64.64 77.08
2400 ppm 711 135 26.42 69.38 84.62
DCLWE 400 ppm 754 187.5 41.77 72.95 78.64
2400 ppm 738 182.8 38.33 70.60 79.18
Figure 2 Tafel polarization curves for aluminium in 1 M H2SO4 in the presence and absence of different concentrations of (a) DCLME
(b) DCLWE at room temperature.
Evaluation of Dryopteris cochleata leaf extracts 5and water extracts of D. cochleata leaf. Fig. 3 shows the
Nyquist diagrams of aluminium in 1 M H2SO4 without and
with selected concentrations of methanol and water extracts
of D. cochleata leaves at 30 C respectively. All the impedance
spectra show one single depressed semicircle [23] and the diam-
eter of semicircle increases with the increase in inhibitor con-
centration. The semi circular appearance shows that the
corrosion of aluminium is controlled by the charge transfer
resistance and the presence of inhibitor does not change the
mechanism of aluminium dissolution.
The Nyquist plot impedance was properly analyzed by ﬁt to
the circuit model shown in Fig. 4. The circuit consists of the
corrosion solution resistance Rs, the charge transfer resistance
Rct, and the constant phase element, double layer capacitance
Cdl. It is observed from Table 3 that the Rct values increase
with increasing inhibitor concentrations due to the formation
of a protective layer on the aluminium surface. This is because,
the addition of inhibitor increases the adsorption of phyto con-
stituents over the aluminium surface and results in the forma-
tion of a protective layer, which may decrease the charge
transfer between the aluminium surface and the corrosive med-
ium [24]. Further examination of Table 3 revealed a decrease in
Cdl values with an increase in inhibitor concentration, whichPlease cite this article in press as: R.S. Nathiya, V. Raj, Evaluation of Dryopteris coc
Egypt. J. Petrol. (2016), http://dx.doi.org/10.1016/j.ejpe.2016.05.002normally results from a decrease in the dielectric constant. This
can be attributed to the adsorption of the components of the
extracts onto the aluminium/electrolyte interface, thereby pro-
tecting the aluminium from corrosive attack. The decrease in
Cdl is in accordance with Helmholtz model given by the follow-
ing equation [28]:
Cdl ¼ ee0Ad ð6Þ
where d is the thickness of the protective layer, e is the dielec-
tric constant, e0 is the vacuum permittivity and A is the effec-
tive area of the electrode.
The values of inhibition efﬁciency listed in Table 3 using the
following equation below:
g % ¼ Rct  R
o
ct
Rct
 100 ð7Þ
Data in Table 3 show that inhibition efﬁciencies rise with
rising concentration of the extracts reaching the values of
83.24% and 63.47% for methanol and water of D. cochleata
leaf extract at the highest concentration (2400 ppm) studied.
This result again conﬁrms that methanol extract of D.
cochleata leaves is a better inhibitor than the water extract.hleata leaf extracts as green inhibitor for corrosion of aluminium in 1 M H2SO4,
Figure 3 Nyquist plots of EIS measurements for aluminium in 1 M H2SO4 in the presence and absence of different concentrations of (a)
DCLME (b) DCLWE at room temperature.
Figure 4 Equivalent circuit diagram used to ﬁt impedance data
in 1 M H2SO4 in the absence and presence of methanol and water
extracts of D. cochleata leaves.
Table 3 Impedance parameters for the corrosion of alu-
minium in 1 M H2SO4 without and with different concentra-
tions of DCLME and DCLWE at room temperature.
System Impedance parameters
Concentration Rct (X) Cdl (F) I.E. %
DCLME Blank 59.31 159.2 –
400 ppm 142.7 104.3 58.43
2400 ppm 353.7 101.6 83.24
DCLWE 400 ppm 82.38 265.9 28.00
2400 ppm 162.4 218.9 63.47
6 R.S. Nathiya, V. Raj3.4. Effect of temperature
In order to gain insight into the effect of temperature and inhi-
bition effect of D. cochleata extract obtained using methanol
and water as solvents on corrosion of aluminium in 1 M
H2SO4, weight loss experiments were conducted at various
temperatures in the absence and presence of different concen-
trations of the D. cochleata leaf extracts. Results obtained at
all temperatures after 6 h exposure time reveal that the corro-
sion rate rises with rising temperature in both with and without
inhibitors. It is pertinent to conclude that the components ofPlease cite this article in press as: R.S. Nathiya, V. Raj, Evaluation of Dryopteris coc
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on to aluminium surface following physical adsorption mech-
anism given that inhibition efﬁciency decreases with an
increase in temperature within the range of the ‘D. cochleata
extracts’ concentrations studied.
The Arrhenius-type relationship was used to calculate the
activation energies (Ea) between the corrosion rate (Cr) of alu-
minium in acidic media and temperature (T):
logCr ¼ lnA Ea
2:303RT
 
ð8Þ
where Cr is the corrosion rate, Ea is the apparent activation
energy of the aluminium dissolution, R is the molar gas con-
stant, T is the absolute temperature, and A is the frequency
factor. Fig. 5 shows the Arrhenius plots of logarithm of corro-
sion rate (log Cr) vs 1/T for aluminium in 1 M H2SO4 without
and with addition of different concentrations of (a) methanol
and (b) water extracts of D. cochleata leaves. Straight lines
were obtained with a slope of (Ea/2.303R) from which Ea val-
ues were computed and are listed in Table 4. The results in
table 4 indicate that Ea in the presence of the D. cochleata leaf
extracts increases compared to the blank. This behaviour is an
indication of physical adsorption of the components of both
methanol and water of the D. cochleata leaves onto the alu-
minium surface. In order to calculate the enthalpy DH* and
entropy DS* for the corrosion process, the substitute formula-
tion of the Arrhenius equation, also called the Eyring transi-
tion state equation was used:
log
Cr
T
 
¼ log R
Nh
 
þ DS

2:303RT
  
 DH

2:303RT
 
ð9Þ
where h is Planck’s constant, N is Avogadro’s number, DS*
is the entropy, DH* is the enthalpy, T is the absolute tempera-
ture and R is the universal gas constant. Fig. 5 shows the plots
of log (Cr/T) against 1/T which are linear for both DCLME
and DCLWE of D. cochleata leaf extracts. The values of
DH* is enthalpy change and DS* is entropy change were
obtained from the slope and the intercept of the plots respec-
tively and are listed in Table 4. The values of Ea and DH*hleata leaf extracts as green inhibitor for corrosion of aluminium in 1 M H2SO4,
Figure 5 Arrhenius plot for aluminium corrosion in 1 M H2SO4 in the absence and presence of different concentrations of (a) DCLME
and (b) DCLWE.
Table 4 Activation parameters for aluminium corrosion in 1 M H2SO4 in the absence and presence different concentrations of
DCLME and DCLWE.
System Concentration (ppm) Ea (kJ mol
1) DH* (kJ mol1) DS* (J mol1 K1)
DCLME 400 50.0927 47.45 72.89
600 57.5314 54.89 50.93
1200 66.1131 63.47 39.69
1800 75.3382 72.65 25.46
2400 88.32 85.67 18.87
DCLWE 400 25.6055 22.96 145.68
600 27.7902 26.29 140.55
1200 28.9389 25.14 137.45
1800 28.9868 26.34 136.18
2400 31.0566 28.41 131.98
Evaluation of Dryopteris cochleata leaf extracts 7are close to each other as expected from the approach of tran-
sition state theory and vary in the same way on adding differ-
ent concentrations of the D. cochleata leaf extracts.
The entropy values are negative in the absence and presence
of the extracts of D. cochleata leaves. This indicates that the
adsorption method is rather slow and the rate determining step
represents an association rather than dissociation meaning that
a decrease in disordering takes place on going from reactants
to activated complex (Fig. 6).
3.5. Adsorption isotherm
The adsorption is usually regarded as a substitution process
between the organic inhibitor and water molecules adsorbed
at the aluminium–solution interface. The h values of different
concentrations of inhibitors were tested by ﬁtting to several
isotherms including Frumkin, Langmuir, Freundlich, Bock-
ris–Swinkels and Flory Huggins isotherms. But in the present
study, the results ﬁtted best with the Freundlich adsorption
isotherm given by the equation.
log h ¼ logKads þ n logC ð10ÞPlease cite this article in press as: R.S. Nathiya, V. Raj, Evaluation of Dryopteris coc
Egypt. J. Petrol. (2016), http://dx.doi.org/10.1016/j.ejpe.2016.05.002where 0 < n< 1; h is surface coverage, C is concentration of
the inhibitor and Kads is the equilibrium constant of adsorption
process.
The plot of log h against the log C yields a straight line with
correlation coefﬁcient >0.9 (Fig. 7) at all temperatures carried
out in this study. The strong correlation indicates that the
adsorption of methanol and water extracts of D. cochleata leaf
adsorption on aluminium in 1 M H2SO4 obeys the Freundlich
isotherm.
The free energy of adsorption values (DGads) were calcu-
lated using the Freundlich isotherm by the following
equation:
DG ¼ RT lnð55:5Þ K ð11Þ
In the above Eq. (14), 55.5 is molar concentration of H2O.
The value of ln K was calculated from the slope of the Fre-
undlich isotherm. The calculated DGads values are listed in
Table 5. The negative sign of DGads values indicated the spon-
taneity of adsorption [25]. The DGads around 30 kJ mol1
conﬁrmed the physisorption of the extract over the surface
of aluminium. The physisorption may happen due to the inter-
action of p electrons of the inhibitor and aluminium.hleata leaf extracts as green inhibitor for corrosion of aluminium in 1 M H2SO4,
Figure 6 Transition state plot for aluminium corrosion in 1 M H2SO4 in the absence and presence of different concentrations of
(a) DCLME and (b) DCLWE.
Figure 7 Adsorption isotherm plots of Freundlich (a) DCLME and (b) DCLWE on aluminium in 1 M H2SO4 at different temperatures.
Table 5 Freundlich adsorption parameters for DCLME and
DCLWE at different temperatures.
System Temperature (C) DGads (kJ mol1) Kads (gL1)
DCLME 30 12.19 2.27
40 12.39 2.10
50 12.40 1.82
60 12.76 1.81
DCLWE 30 11.47 1.71
40 11.79 1.67
50 11.95 1.54
60 12.27 1.51
8 R.S. Nathiya, V. Raj3.6. IR Spectral studies
3.6.1. Characterization of D. cochleata extracts
Phytochemical screening of the D. cochleata leaf extract
obtained from methanol and water as extractive solvents
revealed the presence of alkaloids, phenolics/tannins, ﬂavo-
noids, proteins/amino acids, carbohydrates, saponins, ter-Please cite this article in press as: R.S. Nathiya, V. Raj, Evaluation of Dryopteris coc
Egypt. J. Petrol. (2016), http://dx.doi.org/10.1016/j.ejpe.2016.05.002penoids, cardiac glycoside, anthraquinones and steroid
constituents. This was conﬁrmed by carrying out FTIR analy-
ses and the results are shown in Fig. 8.
3.7. X-ray diffraction
The X-ray diffraction of the corrosion products give good
qualitative information about the possible corresponds present
on the surface. The results obtained clearly reveal the presence
of D. cochleata leaf extract of different solvents, aluminium
and aluminium oxide phases. (i) Methanol and water extract
inhibitors did not show any peaks. But in the case of Inhads,
the characteristic peaks are shown in Fig. 9. (ii) Methanol
extract + Al showed sharp peaks at 2h= 27.579, 39.353,
45.599, 65.916, 78.972, 80.948 and 83.148 with planes (106)
(206), (226), (3110), (2117) (1119) and (3016) corresponding
to d-Al2O3 (JCPDS card: 88-1609) and they have the tetrago-
nal structure. Similarly, (iii) water extract + Al showed sharp
peaks at 2h= 39.669, 45.906, 66.175, 79.196, 83.376 with
planes (201), (221), (327), (419) and (3016) corresponding
to d-Al2O3 (JCPDS card: 88-1609) and they have the tetrago-
nal structure.hleata leaf extracts as green inhibitor for corrosion of aluminium in 1 M H2SO4,
Figure 8 FTIR spectra of methanol and water extract of
D. cochleata leaves.
Evaluation of Dryopteris cochleata leaf extracts 9Thus, it is observed that in the absence of inhibitor, the sur-
face of the aluminium contains oxides of aluminium. The
XRD pattern of inhibited surface (Fig. 9) showed the peaks
due to oxides of aluminium. The formation of adsorbed pro-
tective ﬁlm on the surface of aluminium in the presence of
DCLME and DCLWE is clearly reﬂected from these observa-
tions. These results support the possibility of protective layer
formation due to the main reason of oxygen, nitrogen and phy-
tochemical compounds present in inhibitors.
3.8. Scanning electron microscopy (SEM)
The SEM image results were shown to conﬁrm the protective
layer formation during the corrosion process. Fig. 10. shows
the SEM image of (i) aluminium specimen immersed in 1 M
H2SO4, (ii) 1 M H2SO4 with 2400 ppm of the D. cochleata leaf
(water) extract and (iii) 1 M H2SO4 with 2400 ppm of the
D. cochleata leaf (methanol) extract. Fig. 10(i) shows aggressive
attack of the corroding medium on the aluminium surface. The
corrosion products appear too uneven and their corrosion
products are arranged layer upon layer. Fig. 10(ii and iii)
clearly show that Al surface with 2400 ppm methanol extract
has much less damage compared to 2400 ppm water extract
on the aluminium surface. This is due to the formation of an
adsorbed ﬁlm of extract on the surface. These results proveFigure 9 XRD images (i) (a) methanol and (b) water (ii)
methanol + Al and (iii) water extract + Al.
Please cite this article in press as: R.S. Nathiya, V. Raj, Evaluation of Dryopteris coc
Egypt. J. Petrol. (2016), http://dx.doi.org/10.1016/j.ejpe.2016.05.002that the methanol extract of D. cochleata leaves can effectively
protect aluminium samples from a corrosive environment.
4. Mechanism of corrosion inhibition
The inhibition process of aluminium in the studied environ-
ment can be explained by the adsorption of the components
of D. cochleata leaves on the aluminium surface. Adsorption
of the active chemical constituents present in the D. cochleata
leaves on aluminium surface decreases corrosion of the alu-
minium surface area that is available for the attack of the
aggressive medium. It is not possible to consider a single
adsorption mode between inhibitor and aluminium surface
because of the activated complex nature of adsorption and
inhibition of a given inhibitor. D. cochleata leaves might be
protonated in the solution as follows:
½DCL þ xHþ ! ½DCLHxxþ ð12Þ
The protonated D. cochleata leaves, however, could be
attached to the aluminium surface by means of electrostatic
interaction between SO4
2 and protonated D. cochleata since
the aluminium surface has a positive charge in the H2SO4 med-
ium [26].
Consequently, in aqueous solutions, the D. cochleata leaves
occured either as neutral molecules or in the form protonated
D. cochleata leaves. The methanol/water extract of DCLE
mainly contains ﬂavonoids, amino acid and terpenoid that
have been well characterized [27], and these compounds con-
tain many O and N atoms in functional groups (O–H,
C‚O, C–O, N–H) and O-heterocyclic rings. Thus, it is a rea-
son to judge that these compounds could be protonated in the
acid solution. The neutral D. cochleata leaves may be adsorbed
on the aluminium surface via the chemisorption mechanism,
involving the displacement of water molecules from the alu-
minium surface and the sharing of electrons between the N
atoms and aluminium. The D. cochleata leaf molecules can
be also adsorbed on the aluminium surface on the basis of
donor–acceptor interactions between p-electrons of nitrile, car-
bonyl groups and vacant p-orbital of aluminium. Hydrogen
bonding with N-atom also assisted adsorption of inhibitor
molecule on the aluminium surface. Partial transference of
p-electrons and lone pair of electrons located on nitrogen
and oxygen atoms also plays some important role for the
adsorption of D. cochleata leaves on the aluminium surface.
Also, the D. cochleata leaf molecules may form a hydrophobic
ﬁlm, in contact with the aluminium surface, by the adsorption
of alkaloids, phenolics/tannins carbohydrates, saponins, ter-
penoids, cardiac glycoside, anthraquinones, ﬂavonoids and
steroids.
4.1. Comparison of inhibition efficiency of D. cochleata leaf
extracts
Table 6 reveals that the inhibition efﬁciency of the extracts of
the D. cochleata leaves was inﬂuenced by the extractive sol-
vents and was found to be more in methanol than in water.
This result could be closely linked to the results of the phyto-
chemical constituents of the extracts obtained from the differ-
ent solvent extracts. From the results shown in this study, it
may be pertinent to ﬁnally conclude that the Al – D. cochleata
leaf extract complexes formed an insoluble aluminium surfacehleata leaf extracts as green inhibitor for corrosion of aluminium in 1 M H2SO4,
Figure 10 SEM images (i) aluminium immersed in 1 M H2SO4 (ii) 2400 ppm of water extract in 1 M H2SO4 and (iii) 2400 ppm of
methanol extract in 1 M H2SO4.
Table 6 Comparison of inhibition efﬁciencies of Dryopteris
cochleata leaf extracts obtained from different extractive
solvents.
Solvent
system
Extract
concentration
(ppm)
Inhibition eﬃciency (I.E. %)
Weight
loss
method
Polarization
method
Impedance
method
DCLME 2400 95.09 79.18 83.24
DCLWE 2400 71.56 77.08 63.47
10 R.S. Nathiya, V. Rajlayer which isolated the aluminium surface from the aggressive
anions present in acid solution. So the possible synergistic
interactions between the different adsorbed on the aluminium
surface and phyto chemical constituents could also contribute
to the observed inhibition effect of the extracts of D. cochleata
leaves obtained from different solvent systems.
5. Conclusions
The following conclusion can be drawn from the work.
(1) Methanol and water extracts of D. cochleata leaves act
as inhibitors for aluminium corrosion in 1 M H2SO4
solution. Inhibition efﬁciency increases with an increase
in the concentration of the inhibitors but decreases with
rise in temperature.
(2) Potentiodynamic polarization results indicate that both
solvent extracts of D. cochleata leaves behave as
mixed-type inhibitors.
(3) Electrochemical studies reveal that introduction of the
D. cochleata leaf extracts into 1 M H2SO4 increases the
charge transfer resistance (Rct) and decreases the double
layer capacitance (Cdl).
(4) All the techniques employed are in a reasonably good
agreement and points to the fact that the methanol
extract of D. cochleata leaves is a better inhibitor than
water extracts within the range of the concentrations
investigated.
(5) The adsorption of the inhibitors on aluminium surface
obeys Freundlich adsorption isotherm.
(6) The adsorption free energy of the inhibitors on the alu-
minium surface indicates the physisorption type of the
inhibitor.Please cite this article in press as: R.S. Nathiya, V. Raj, Evaluation of Dryopteris coc
Egypt. J. Petrol. (2016), http://dx.doi.org/10.1016/j.ejpe.2016.05.002(7) XRD and SEM images conﬁrm the protective ﬁlm for-
mation on the aluminium surface.
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